Introduction
The extracellular matrix (ECM) is a network of macromolecules in which cells are embedded. It provides not only structural support for tissue integrity but also an interactive environment for specialized cell functions. Although the composition of the ECM components varies in dierent tissues, the primary components are collagens, proteoglycans, and a variety of multiadhesive matrix proteins such as laminins and ®bronectins. Physiological synthesis, deposition, and the degradation of the ECM occur during embryogenesis, female reproductive cycle, angiogenesis and wound repair. However, in the majority of normal adult tissues only limited turnover of the ECM takes place. In contrast, in many pathological conditions the balance between ECM synthesis and degradation is disrupted, leading to abnormal ECM remodeling. Excessive ECM deposition occurs in ®brotic diseases such as scleroderma, liver cirrhosis, and glomerulosclerosis; whereas, excessive breakdown of the ECM is associated with rheumatoid arthritis, osteoarthritis, periodontitis, as well as tumor invasion and metastasis.
There is increasing evidence that Ets factors play an important role in regulating ECM remodeling.
This aspect of Ets function has been shown to contribute to epithelial-mesenchymal transition during development (reviewed by Remy and Baltzinger, this issue). On the other hand, abnormal Ets functions have been implicated in pathological processes such as tumor invasion (Wernert et al., 1994) . The role of Ets factors in tumor invasion is mainly related to transcriptional activation of enzymes that are involved in ECM degradation such as serine proteases, matrix metalloproteinases (MMPs) and their inhibitors (TIMPs). Recent studies suggest, however, that the function of Ets factors may not be limited to regulating genes involved in the degradative pathways. Ets factors may regulate a wider spectrum of ECM related target genes including matrix proteins such as tenascin, collagen, and ®bronectin as well as other cellular components involved in cell ± matrix interactions. This review will discuss current knowledge on the role of Ets factors in regulating ECM remodeling during physiological and pathological processes.
Ets factors and ECM remodeling in tumors
Tumor invasion and metastasis depend on the ability of tumor cells to break through the surrounding connective tissue barriers (Stracke et al., 1994) . Degradation of ECM by tissue serine proteases and the large family of MMPs plays a crucial role in this process (reviewed by: Johansson and Kahari, 2000; Curran and Murray, 1999; Forget et al., 1999) . Immunohistochemical and in situ mRNA analyses of various human tumor tissues have demonstrated coexpression of Ets1 and matrix degrading proteases, particularly in invasive tumors. In contrast, in benign and non-invasive tumors, Ets1 transcripts are rarely detected (Calmels et al., 1995) . The coexpression of Ets1 and collagenase 1 (MMP-1), urokinase-type plasminogen activator (u-PA), and in some cases stromelysin-1 (MMP-3) has been well documented in lung carcinomas (Bolon et al., 1995; Wernert et al., 1994) and angiosarcoma of the skin (Naito et al., 2000) . Additional supporting evidence for the role of Ets1 in regulating MMPs in tumors came from the discovery of the single nucleotide polymorphism (SNP) in the MMP-1 promoter region, where an additional G creates an Ets binding site (Rutter et al., 1998) . In vitro studies have shown that this polymorphism contributes to increased Ets1 binding and increased promoter activity (Rutter et al., 1998) . Furthermore, endometrial carcinomas showed a signi®cantly higher rate of 1G/2G and 2G/2G genotype than control individuals, which correlated with more frequent expression of MMP-1 protein (Nishioka et al., 2000) .
Interestingly, the cellular origin of abnormal Ets function and the source of elevated ECM remodeling enzymes are not consistent. For example, in the tumors mentioned above Ets1 mRNA has been primarily localized to endothelial and ®broblastic stromal cells (Wernert et al., 1994) . Furthermore, coexpression of Ets1, collagenase-1 (MMP-1) and stromelysin-1 (MMP-3) has been almost exclusively localized to stromal ®broblast. These observations suggest that in these tumors stromal ®broblasts play an important role iǹ landscaping' tumor invasion by synthesizing matrix proteases involved in ECM degradation. The role of stroma in supporting tumor growth is now well recognized (Wernert, 1997) . In contrast, in human gastric carcinoma, elevated expression of Ets1 was detected in tumor cells, but not in stromal cells (Nakayama et al., 1996) . Expression of a dierent member of Ets family, E1AF (hPEA3), by invading tumor cells was also observed in a large proportion of oral squamous cell carcinomas and is correlated with tumor invasion and metastasis (Hida et al., 1997b) . On the other hand, in pancreatic and thyroid carcinomas, where Ets1 is expressed in tumor cells, there was no correlation between Ets1 expression and metastasis in these tumors (Ito et al., 1998b; Nakayama et al., 1999) . The role of Ets1 in these tumors is presently unknown. Thus, in vivo studies of tumors indicate that abnormally expressed Ets factors are found in distinct compartments: tumor or stroma. While coexpression of Ets and MMPs in stroma is well documented, little is known about other genes controlled by Ets factors in vivo in stromal cells. The likely candidates based on in vitro studies include tenascin (Shirasaki et al., 1999) and various integrins (Rosen et al., 1994) . As mentioned already, the role of Ets factors in tumor cells is presently unclear; this aspect of Ets function requires further investigation. Finally, the nature of the upstream factors responsible for expression of Ets in various tumour compartments remains to be elucidated.
Ets factors in autoimmune diseases
In addition to tumors, excessive expression of MMPs was also documented in other pathological conditions, including rheumatoid arthritis and osteoarthritis (Vincenti et al., 1994; Malemud and Goldberg, 1999) . There are, however, very limited in vivo data regarding the possible role of Ets factors in these pathological processes. For example, Ets2 expression has been observed in 30% of patients with rheumatoid arthritis, but MMP expression has not been evaluated in this study (Dooley et al., 1996) . In addition to rheumatoid arthritis, aberrant expression of Ets factors, particularly Ergb/Fli1 and Ets2, has been observed in other autoimmune diseases such as systemic lupus erythematosus (SLE) and Sjogren's syndrome (Georgiou et al., 1996) . Elevated expression of Ergb/Fli1 was also present in in®ltrating lymphocytes of the HTLV-ITax1 transgenic mice, considered an animal model of the autoimmune disease (Georgiou et al., 1996) . Finally, transgenic mice that overexpress Fli1 develop progressive immunological renal disease and ultimately die of renal failure caused by tubulointerstitial nephritis and glomerulonephritis (Zhang et al., 1995) . Massive accumulation of lymphocytes overexpressing Fli1 was detected in kidney tissues of the transgenic animals. The target genes that are controlled directly or indirectly by Fli1 are not known, but one can postulate that adhesion molecules as well as other genes that direct immune cells to the sites of in¯ammation are likely targets of Fli1 (Rosen et al., 1994) . Thus, there is substantial evidence that elevated expression of Fli1 contributes to the invasive phenotype of lymphocytes and may play a major role in the development of autoimmune diseases (for review on Fli1 function in normal and transformed cells, see Truong and BenDavid, this issue).
Ets factors and bone formation
The role of Ets factors in bone and cartilage development has been implicated by several early in situ hybridization studies. Collectively, these studies demonstrate expression of Ets1 and Erg at various sites of bone and cartilage formation during murine and avian development (Kola et al., 1993; Maroulakou et al., 1994; Dhordain et al., 1995) . Importantly, increased dosage of Ets2 has led to skeletal abnormalities characteristic of Down syndrome suggesting a speci®c role for Ets2 in skeletal development and in the pathology of Down syndrome (Sumarsono et al., 1996) . Recent studies have begun to address the nature of the Ets target genes during osteogenesis, as well as the speci®city of the Ets factors involved in this process. Using an osteoblast-like MC3T3-E1 cell line that recapitulates the speci®c stages of bone development in vitro, the expression of various Ets family members was compared to that of other stage-speci®c genes. Among the Ets genes assayed, only Ets1 and Ets2 were found to be expressed at signi®cant levels in this system. Ets1 expression was mainly observed in the proliferation stage, while Ets2 expression was induced during dierentiation and subsequent mineralization stages suggesting distinct functions for these two closely related Ets factors. Furthermore, evidence is presented that a non-collagenous ECM protein, osteopontin, is regulated by Ets2 during dierentiation and mineralization stages (Vary et al., 2000) .
The speci®c role for the two Erg isoforms, ch-Erg and a splice variant termed C-1-1, has been proposed in the process of chondrogenesis (Iwamato et al., 2000) . Using the developing chick limb as a model, it has been observed that C-1-1 and ch-Erg have distinct expression patterns and dierent biological activities. Furthermore, ectopic expression of C-1-1, but not ch-ERG, led to induction of tenascin-C (TN-C), suggesting that TN-C may be directly regulated by C-1-1 in vivo. Consistent with this observation, a closely related subfamily member Fli1, was shown to activate TN-C expression in human dermal ®broblasts (Shirasaki et al., 1999) .
Together, these studies support the role for Ets1 and Erg subfamilies in bone and cartilage development. It is becoming clear that at the speci®c stages of this tightly regulated process, individual Ets factors will play unique roles in regulating speci®c subsets of genes, including ECM genes. The experimental systems combining in vitro and in vivo approaches should lead to a better understanding of the role of Ets factors in bone and cartilage formation, not only during development, but also in pathologic human conditions. A more detailed discussion of this topic is presented by Seth and Raouf in a separate article of this issue.
Ets expression in wound healing
Because of the active tissue remodeling that takes place during wound healing (Parks, 1999) , one could also postulate a role for Ets factors herein. The stages of cutaneous wound repair are relatively well de®ned and include in¯ammation, tissue formation, and tissue remodeling (Singer and Clark, 1999) . MMPs are largely undetectable in normal skin. Upon injury, tissue-type plasminogen activator (tPA) and uPA as well as speci®c subsets of MMPs are induced in various skin compartments (Martin, 1997) . The migrating keratinocytes at the leading-edge express collagenase-1 (MMP-1), stromelysin-2 (MMP-10), and gelatinase-B (MMP-9) as well as tPA and uPA, which facilitate their movement through the ®brin clot and along the basal lamina. Once reepithelialization is complete, MMP expression by keratinocytes is turned o (Parks, 1999) . Dermal cells, including ®broblasts, endothelial cells, and perivascular cells express gelatinase-A (MMP-2), MT1-MMP (MMP-14), stromelysin-1 (MMP-3), collagenase-1 (MMP-1), and collagenase-3 (MMP-13). In®ltrating immune cells, predominantly neutrophils and macrophages, secrete collagenase-2 (MMP-8) and gelatinase-B (MMP-9). Expression of MMPs by dermal cells continues during late stages of repair where it contributes to collagen remodeling during the transition from granulation tissue to scar. Thus during repair, speci®c subsets of MMPs are produced by speci®c cell types in dierent wound compartments. Further work is required to determine the physiological role of these speci®c enzymes. Moreover, little is known about how their expression is regulated in vivo, in particular the nature of the`turnon' and`turn-o' signals. Growth factors and matrix signals are undoubtedly involved. Because of the redundancy and cross-talk between dierent pathways, a clear view of the in vivo regulation of gene expression during wound healing is currently lacking.
So far, there are only limited studies that address the role of Ets factors during wound healing. For example, elevated expression of Ets1 and collagenase-1 (MMP-1) was observed in ®broblasts and endothelial cells in the early healing stage of gastric ulcer before declining to control levels at later stages (Ito et al., 1998a) . Rapid induction of Ets1 was also reported in smooth muscle cells after balloon injury preceding smooth muscle cell migration and proliferation (Hultgardh-Nilsson et al., 1996) . It is signi®cant that in these two models Ets expression is transient. One can speculate that the stringent regulation of Ets expression during physiological processes and its dysregulated expression in tumors may be one of the early critical points that distinguishes between controlled and uncontrolled matrix remodeling.
Ets and the regulation of MMPs in experimental models
In vitro experimental models using cultured cells allow elucidation of the molecular and cellular mechanisms that lead to dysregulated expression of Ets. These experiments also provide more direct evidence for the role of Ets in regulating speci®c genes. Despite the progress that has been made in these areas, many unresolved issues remain. For example, how do speci®c signaling pathways regulate expression and function of Ets genes? What are the tissue-speci®c target genes regulated by a particular Ets factor? What are the molecular mechanisms that regulate tissue and target gene speci®city?
As described above, in vivo studies of human carcinomas have shown that Ets is correlated with invasive phenotype. Furthermore, expression of Ets1 was limited to stromal cells in the vicinity of the tumors, whereas surrounding uninvolved tissue was negative for Ets1 expression (Bolon et al., 1995; Wernert et al., 1994) . The mechanism of the in vivo activation of Ets1 gene expression in stromal ®bro-blasts is not known. It could be induced by factors secreted by tumor cells or could result from the host immune response to the tumor. Co-culture experiments of the human keratinocyte squamous cell carcinoma cell line II4 with primary human ®broblasts suggest that cell ± cell contact as well as tumor cell-derived soluble factors may play a role in Ets1 induction in ®broblasts. Increased expression of uPa and the 92 kDa type IV collagenase (MMP-9) were also observed under these experimental conditions (Borchers et al., 1994) . Possible cytokines involved in this induction include IL-1a, TNFa, PDGF, bFGF and EGF (Gilles et al., 1996) .
As discussed in the previous section, in some tumors Ets1 is also expressed in tumor cells that are derived from the epithelia (Nakayama et al., 1996) . While it was originally felt that Ets1 is not expressed in the epithelial cells, recent studies have shown that Ets1 is transiently expressed in the epithelial structures during migration of neural crest cells and dispersion of somites (Fafeur et al., 1997) . Furthermore, the authors of this study have demonstrated that scatter factor/ hepatocyte growth factor (SF/HGF) induces Ets1, uPa, and collagenase-1 (MMP-1) in vitro in epithelial MDCK cells, suggesting that Ets1 may be an eector of SF/HGF during epithelial mesenchymal transition. In fact, SF/HGF and its receptor c-Met are also expressed during emigration of neural crest cells (Fafeur et al., 1997) . Thus, re-expression of Ets1 in epithelial tumor cells may be a reversal to the embryonic genetic program and may be dependent on the stromal ®broblast derived SF/HGF.
Evidence that ETS genes are necessary for the invasive phenotype
A direct link between Ets1 induced production of proteolytic enzymes and tumor invasiveness also requires demonstrating the reversal of tumor invasion phenotypes by reducing Ets function. Two in vitro strategies have been successfully employed recently, using antisense constructs or overexpressing dominantinterference Ets mutants. It has been shown that treatment of a glioma cell line with antisense Ets1 oligonucleotides concurrently inhibited the expression of Ets1 and uPa, and blocked glioma cell migration and invasion (Kitange et al., 1999) . Similarly, inhibition by antisense oligonucleotides of a dierent member of Ets family, E1AF, in a squamous cell carcinoma cell line has led to inhibition of basal and HGF-induced MMP-9 expression and invasive potential of these cells (Hida et al., 1997a; Hanzawa et al., 2000) . Blocking of Ets function by overexpressing a mutant of Ets1 lacking its activation domain (dominant-interference) has also led to similar phenotypic changes. Delannoy-Courdent et al., (1998) have demonstrated that stable expression of Ets1-DBD (contains only DNA binding domain) in epithelial cell lines derived from normal and cancerous mouse mammary tissues inhibited expression of uPA and decreased cell migration and invasion of both cell types. It also impaired the capacity to form tubules by normal mammary cells. In a dierent experimental system, Kim et al., (2000) have shown that overexpression of Epstein ± Barr virus latent membrane protein 1 (LMP1) in MDCK epithelial cells leads to a transformed phenotype which correlates with increased expression of Ets1, PAI-1 and uPA. Expression of a dominant-interference Ets1 mutant in LMP1-transformed cells resulted in decreased of uPA expression and cell motility, suggesting that the transformed phenotype in this experimental system is at least partially mediated by Ets1. These experiments demonstrate that Ets function is necessary for expression of certain matrix degrading enzymes and invasive phenotype in in vitro experimental models. It will be critical to extend these approaches to the animal models and demonstrate that inhibition of ets function would aect tumor invasion in vivo (see also review on Ets target genes by Sementchenko and Watson, this issue).
Ets transcription factors function in a cell context-dependent manner
Unlike other families of transcription factors such as homeobox proteins, whose members bind to diverse DNA sequences, all Ets factors recognize a core DNA motif GGAA/T (reviewed by Wasylyk et al., 1993; Graves and Peterson, 1998) . However, each Ets factor in its unique in vivo context must be able to recognize a speci®c subset of targets. The GGAA/T motif has been functionally characterized in many target genes including those for MMPs (Crawford and Matrisian, 1996) and other matrix related proteins. Historically, this motif has been termed PEA3 (polyomavirus enhancer A-binding protein-3). More recently the term EBS (Ets Binding Site) has generally been adopted. The section below provides an overview of the promoter studies for which the role of Ets factors has been established. Speci®c examples are used to illustrate cellular mechanisms that may aord the speci®cities of Ets-mediated gene regulation. Collectively, these studies show that there is a high degree of selectivity between dierent Ets family members for speci®c target genes. The complexity involved in gene regulation by Ets factors has only started to be unraveled. The future challenge will be to understand how this speci®city is achieved.
Ets factors as the effectors of Ras ± MAP kinase and other signaling pathways
The studies of transcriptional regulation of the uPA gene nicely illustrate the involvement of Ets factors as the eectors of Ras ± MAP kinase signaling pathway. A composite PEA3/AP1 site was characterized in the murine uPA enhancer and shown to play a major role in the activity of this enhancer. Interestingly, the relative contribution of this element varied among dierent transformed cell lines (Nerlov et al., 1991) . An additional functional PEA3/AP1 site was also found in the far upstream region of this gene (D'Orazio et al., 1997). One of the early studies has also shown that the PEA3/AP1 element mediates the EGF response in murine keratinocytes (Rorth et al., 1990) . In the subsequent studies, the signal transduction pathway involved in regulation of this gene by RTK (receptor tyrosine kinase) and TPA have been delineated. Besser et al., (1995) have utilized wild-type and dominantnegative mutants of various signaling molecules to demonstrate the involvement of the Ras/Raf-1/MEK/ ERK-2 pathway in the stimulation of the uPA gene by TPA and FGF-2 in NIH3T3 cells. Using a similar approach, the involvement of c-Ha-ras, c-raf, and ERKs in induction of the uPA promoter has also been demonstrated in ovarian adenocarcinoma cell line (OVCAR-3) by Lengyel et al., (1995b) . Additional components of this pathway that may also contribute to regulation of the uPA promoter via the composite EBS/AP1 element have been characterized in the response of NIH 3T3 cells stably overexpressing cMet receptor to HGF/SF (Ried et al., 1999) . Besides the previously characterized mediators such as c-HaRas/c-Raf, Mek1, and Erk, this study has identi®ed Grb2, Sos1, and RhoA as critical mediators of this response. A role for RhoA in regulating uPA gene expression is of special interest because it may help to explain the mechanism of the Rho-mediated cell transformation. A dierent member of the Ras superfamily, Rac1, had no eect on uPA expression. Interestingly, although PI3-kinase is induced by HFG/SF, it had no eect on the expression of the uPA promoter (Ried et al., 1999) .
Ets2, as well as Ets1 has been shown to mediate induction of the uPA promoter in response to growth factors. Ectopic expression of wild-type Ets2 potentiated stimulation of this promoter by TPA and FGF-2, while a dominant-interference Ets2 abrogated growth factor responses (D'Orazio et al., 1997) . In a dierent study, a breast cancer cell line that overexpresses Erb-2/neu protein was used to demonstrate the speci®city among dierent Ets family members in activating the uPA promoter (Watabe et al., 1998) . The cotransfections of either Ets1 or Ets2 potentiated EGF stimulation of this promoter, while cotransfection with two other members of the Ets family, Fli1 and E1AF/ PEA3, did not have a stimulatory eect. Ets1 and Ets2 contain the conserved Pointed domain also present in Drosophila Ets-like protein, Pointed P2 (see Hsu and Schultz, this issue). A conserved threonine within the Pointed domain is a direct target for MAP kinase (McCarthy et al., 1997) . Importantly, it was shown that Ets2 carrying a mutation in the MAP kinase phosphorylation site failed to activate the uPA promoter in response to EGF (Watabe et al., 1998) . Stimulation of uPA promoter by CSF-1 (colony stimulating factor-1) also involves phosphorylation of Ets2 by MAP kinase (Fowles et al., 1998) . These results demonstrate a role for Ets2 as an eector of the MAPK pathway cascade initiated by the activation of RTK. Signi®cantly, it was shown that ovarian carcinoma cell lines with activated Ras/MAP kinase pathway were also characterized by the presence of phosphorylated Ets2 and increased expression levels of uPA gene (Patton et al., 1998) .
While the above studies strongly support the role of EBS/AP1 as a MAPK target in the TPA and RTK induced signaling cascades, there is evidence that other signaling pathways may converge at this site. For example, it has been shown that Ets2 in cooperation with ATF-2 and c-Jun mediates activation of the uPA promoter by IL-1 in HepG2 cells (Cirillo et al., 1999) . The activation of the Jun N-terminal kinase (JNK) was required for stimulation of the uPA gene by IL-1 as well as by TPA in these cells. The PEA3/Ap1 element has also been shown to mediate the TNF-a response in a squamous cell carcinoma cell line, but the speci®c signaling pathway involved in this stimulation has not been examined (Lengyel et al., 1995a) . More detailed discussion on the Ets response to signal transduction pathways is provided in a separate review in this issue (Yordy and Muise-Helmericks).
Partnership of Ets and Jun in regulation of MMPs and TIMP
The Ets factors require cofactors for optimal activity. Members of the Jun family cooperate with Ets in regulation of matrix degrading proteases. The most fully characterized model systems are stromelysin-1 (MMP-3) and collagenase-1 (MMP-1) promoters. Early studies have demonstrated the presence of the EBSs in close proximity to the AP1 sites in the stromelysin-1 (MMP-3) and collagenase-1 (MMP-1) promoters. These sites contributed to both basal activity and TPA induction of these promoters (Wasylyk et al., 1991; Auble and Brinckerho, 1991; Wasylyk and Wasylyk, 1992; Buttice and Kurkinen, 1993) . Subsequent studies have revealed that distinct Ets family members modulate AP-1 dependent regulation of these promoters dierently (Buttice et al., 1996; Westermarck et al., 1997) . Interestingly, depending on the promoter context, Erg elicits dual function. It is a potent activator of the collagenase-1 (MMP-1) promoter, while it inhibits Ets2 mediated activation of the stromelysin-1 (MMP-3) promoter (Buttice 1996) . The molecular basis of this promoter dependent repressor versus activator mode of Erg is presently not known, however several recent studies have begun to address this issue. The study by Basuyaux et al., (1997) has demonstrated that Ets2 physically interacts with the Fos/Jun complex via its DNA binding domain (DBD). More signi®cantly, this interaction was stabilized by the presence of DNA fragments speci®c for the stromelysin-1 (MMP-3) promoter. It was also shown that Ets2 interacts with Ets1 and Erg. Unlike its interaction with Fos/Jun (Basuyaux et al., 1997) , the interaction with Erg was DNA-independent and involved transactivation (TA) domain of Ets2, in addition to the DBD domain. The authors of this study propose that Erg may directly interfere with Ets2 either by masking the TA domain or by blocking the DBD to prevent Ets2 from binding to DNA.
Recruitment of rate-limiting coactivators such as CBP/p300 is an important regulatory mechanism for a large number of transcription factors (Goodman and Smolik, 2000) . Recent studies have shown that CREB binding protein (CBP) and p300 bind to Ets1 and facilitate Ets1 trans-activating function (Yang et al., 1998) . CBP/p300 has also been shown to cooperate with Ets1 and Ets2 in activating the stromelysin-1 (MMP-3) promoter (Jayaraman et al., 1999) . Consistent with the earlier ®ndings (Buttice et al., 1996) , Erg2 and PEA3 did not cooperate with p300 in the context of the stromelysin-1 (MMP-3) promoter. Signi®cantly, Erg2 and PEA3 were able to cooperate with p300 in the context of a dierent promoter. This result clearly underscores the importance of the promoter-speci®c sequences in assembling the`appropriate' combination of transcription factors. These recent studies begin to unravel the complex protein-protein interactions between speci®c members of the Ets family and other components of the transcriptional machinery involved in regulation of Ets target genes.
Other recently characterized members of the Ets family may also contribute to regulation of collagenase-1 (MMP-1), stromelysin-1 (MMP-3) and other MMPs in vivo. For example, E1AF/hPEA3 is a potent activator of the stromelysin-1 (MMP-3), collagenase-1 (MMP-1), and type IV collagenase (MMP-9) promoters in transient transfection assays (Higashino et al., 1995) . The adjacent PEA3 and AP1 motifs were characterized in the MMP-9 promoter and shown to mediate the induction of this promoter by ras (Gum et al., 1996) . A functional EBS adjacent to the AP1 site has also been characterized in the TIMP-1 promoter (Edwards et al., 1992; Logan et al., 1996) . Whereas overexpression of Ets1 alone did not activate this promoter in F9 embryonic carcinoma cell line, c-Ets1 synergized with AP1 in activating transcription of the TIMP-1 promoter in these cells (Logan et al., 1996) . On the other hand, a newly characterized member of the Ets subfamily, EHF (ets homologous factor), represses Ets2 stimulation of the stromelysin-1 (MMP-3) and collagenase-1 (MMP-1) promoters in transient transfections. The pattern of EHF expression in normal versus tumor tissues suggests that it may function as a tumor suppressor gene (Kleinbaum et al., 1999) .
Sp1 and Sp3 are cofactors of Ets in regulation of ECM genes
While ECM degrading proteases have been well recognized as target genes for Ets factors, recent studies suggest that ECM proteins as well as other cellular components involved in matrix regulation may also be directly regulated by Ets factors.
As mentioned in the previous section, TN-C is regulated by the member of Erg subfamily in vivo (Iwamoto et al., 2000) . Regulation of TN-C by Ets factors has been investigated in human ®broblasts (Shirasaki et al., 1999) . Four functional EBSs were identi®ed in the human TN-C promoter. Two of these EBS contained a tandem repeat of the GGA motif, characteristic of the GABPa/b binding sites. In vitro binding assays have demonstrated that in human ®broblasts GABPa/b interact with these motifs. Three of the EBS sites, including both GABPa/b binding sites, contributed to the basal activity of the promoter in human ®broblasts, while all four sites were important for the transactivation of this promoter by exogenous Fli1. Fli1 strongly activated the TN-C promoter, while Ets1 and Ets2 were weak activators. Furthermore, experiments in Drosophila Schneider SL cells have shown that either Fli1 or GABPa/b cooperate with Sp1 in activation of TN-C promoter (Shirasaki et al., 1999) .
Recent work from our laboratory has demonstrated that Fli1 and Ets1 contribute to regulation of the human collagen type I gene in dermal ®broblasts. A functional EBS was identi®ed in the collagen a2(I) promoter in close proximity to the Sp1 sites. Ets1 and Fli1 had opposite eects on the activity of this promoter: Ets1 stimulated while Fli1 inhibited the promoter activity. Signi®cantly, Sp1 binding was essential for the inhibitory eect of Fli1. Thus, in the collagen promoter context, Sp1 functions as a corepressor of Fli1, while in the TN-C promoter context Sp1 functions as a coactivator of Fli1. Given the prominent role of Sp1 factors in regulation of the various ECM genes (Trojanowska et al., 1998) , their interactions with Fli1 and possibly other Ets factors may provide important clues for the mechanisms controlling ECM gene expression. Consistent with the promoter data, overexpression of Fli1 in dermal ®broblasts led to a dramatic decrease in collagen mRNA and protein levels (Czuwara-Ladykowska et al., submitted).
Other experimental models support the role of Ets factors in control of the ECM genes. For example, overexpression of Tel in NIH3T3 cells resulted in unusual morphological changes, which partially resembled tube formation characteristic of endothelial cells. This phenotype was associated with upregulation of matrix components, including entactin/nidogen, collagen type III, and ®bronectin, but down-regulation of collagen type I. Interestingly, Smad5, a downstream eector of BMP signaling was also upregulated (Van Rompaey et al., 1999) . Extracellular deposition of collagen was also inhibited in NIH3T3 cells upon exogenous expression of EWS/FLI and EWS/ETV (Teitell et al., 1999) .
Conclusions and future perspective
The role of the Ets family of transcription factors in regulation of ECM remodeling has now been ®rmly established. While traditionally the emphasis was on the role of Ets in regulating degradative enzymes in tumorogenesis, the expanding spectrum of target genes, especially collagens, suggest that Ets factors may also contribute to the aberrant synthesis of ECM in stroma of solid tumors. In fact, active synthesis of type I and III collagen has been correlated with aggressive forms of ovarian, breast, and uterine cancers (Santala et al., 1998; Kaupilla et al., 1998 Kaupilla et al., , 1999 . Although at present experimental evidence is lacking, it is reasonable to postulate that Ets factors would also contribute to the excessive collagen deposition in ®brotic diseases. While the ultimate outcomes of tumor invasion and organ ®brosis appear to be very dierent, destruction versus overproduction of ECM, in both cases the activated ®broblast (myo®broblast) seem to play a major role. In tumors the balance is tilted towards MMP production, while in ®brosis collagen synthesis predominates. It is intriguing that Ets1 is involved in regulation of both types of genes. However, regulation of MMPs requires cooperation between AP1 and Ets. Although data are limited, it appears that Sp1 is an Ets partner in regulating matrix genes. Thus, in the same cell Ets may dierentially regulate MMPs and collagen via association with dierent co-factors on the respective promoters. The nature of the factors that aect the balance between synthetic and degradative pathways are yet to be determined. We can also postulate that the preferential expression of one class of genes (MMPs) versus another (collagens) depends on the activation of dierent signaling pathways. For example, TGFb induced signaling dominates in ®brosis, while RTK and TNF-a in tumor invasion and arthritis. In turn, these signaling pathways can modulate relative expression levels of the speci®c Ets factors, as well as the activation status of Ets factors and their transcriptional partners (Figure 1) .
In this article, we have focused on the role of Ets factors in regulating ECM remodeling. It should be noted that Ets factors only represent one link in the complex cellular network governing the expression of ECM proteins and enzymes that degrade them. Such a network is likely initiated by cell interaction with cytokines, various matrix molecules, as well as neighboring cells. These interactions then lead to activation of speci®c signaling pathways that need to be integrated in a precise manner. Disruption of these pathways will result in an imbalance in the regulation of ECM components, which in turn leads to various pathological processes. Since excessive production and excessive degradation are both pathological, it is imperative to carefully consider these issues when designing therapeutic strategies. 
